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Abstract 
WC-12Co was thermally sprayed on AZ80A magnesium (Mg) alloy as an interlayer, and then diamond-like carbon (DLC) film 
was deposited in order to fabricate DLC/WC-12Co hybrid coating. Rotary bending fatigue tests were conducted in laboratory air 
and the effect of hybrid coating on the fatigue behaviour was discussed. The thicknesses of WC-12Co interlayer were 15, 50 and 
80ȝm and those of DLC film were 3 and 15ȝm. Thin hybrid coating (15ȝm WC-12Co + 3ȝm DLC) was detrimental to the 
fatigue strength because thin coating could not suppress crack initiation from the small notches introduced during thermal 
spraying process. Thick hybrid coating (80ȝm WC-12Co + 15ȝm DLC), however, could improve fatigue strength. Thick 
interlayer was effective for bearing fatigue loading, resulting in the higher fatigue strength than the substrate. 
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1. Introduction 
Wrought magnesium (Mg) alloys have recently received particular attention as structural materials for load-
bearing components because of their low density, high strength/weight ratio, excellent machinability and 
recyclability. Therefore, they are increasingly used in automotive and aircraft industries, but some drawbacks 
restrict their extensive applications. The major drawbacks are low absolute fatigue strength and poor corrosion 
resistance compared with other light metals such as aluminium (Al) alloys and titanium alloys. Protective hard 
coatings are believed to be the effective ways for improving those properties, with anodic oxidation being one of the 
most popular methods for Mg and Al alloys. However, it has been indicated that the fatigue strength of Mg alloys 
was reduced by anodizing when compared with the substrate metal [1, 2]. 
Diamond-like carbon (DLC) has recently been considered as a promising candidate of surface coatings for 
improving both fatigue properties and corrosion resistance because of high hardness, good adhesion, low defect 
density and chemical inertness [3]. DLC films can be deposited on substrate by various methods such as chemical 
vapour deposition (CVD) and ion beam assisted deposition (IBAD), and so on. The thickness of DLC films 
deposited by those conventional methods is generally less than a few microns and it is difficult to deposit thicker 
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films because of high internal stresses. A plasma-enhanced chemical vapour deposition (PECVD) method can 
deposit much thicker films up to 70 Pm with relatively low internal stresses. Furthermore, temperature during the 
PECVD process does not exceed 150ºC, which is favourable to coating for light metals. However, the hardness and 
elastic modulus of thick DLC film are about 1000HV and 200GPa, respectively, and much higher than those of Mg 
alloy substrate, where 70HV and 45GPa. In the components subjected to the high pressure of contacted surfaces, 
delamination of DLC film could occur due to the large difference in the elastic moduli between the film and 
substrate. In order to avoid delamination of DLC film, it is believed that the hybrid coating consisting of hard thin 
film and thick interlayer is effective [4-7]. However, fatigue behaviour of Mg alloy with hybrid coating has not been 
studied. 
In the present study, WC-12Co was thermally sprayed on AZ80A Mg alloy as an interlayer, and then DLC film 
was deposited in order to fabricate DLC/WC-12Co hybrid coating. Rotary bending fatigue tests were conducted in 
laboratory air using specimens with different coating thicknesses and the effect of the thickness of hybrid coatings 
on the fatigue behaviour was discussed. 
2. Experimental details 
2.1. Material and specimen configuration 
The material used is AZ80A extruded magnesium, whose chemical composition (wt. %) is Al: 8.3, Zn: 0.6, Mn: 
0.3, Si: 0.03, Cu: 0,003, Ni: <0.001, Fe: <0.002, Mg: bal. As shown in Fig.1, hourglass-shaped fatigue specimens 
with a reduced section of 6 mm diameter were machined from extruded bars. The specimens were mechanically 
polished using progressively finer grades of emery paper and finally buff-finished.  
Fig. 1.  Configuration of fatigue specimen 
2.2. Deposition of coatings 
Hybrid coatings were fabricated by the sequential deposition of a WC-12Co thick interlayer by means of a HVOF 
technique followed by a DLC over layer by PECVD. Blasting was not performed as a pre-treatment of HVOF 
because the substrate was much softer than WC-12Co powder. The deposition of DLC was conducted at a 
temperature of 150ºC. The thicknesses of WC-12Co interlayer were 15, 50 and 80ȝm and those of DLC film were 3 
and 15ȝm. The specimen with hybrid coating consisting of 15ȝm WC-12Co interlayer and 3ȝm DLC film is 
denoted as D03W15. The specimens with different hybrid coating thicknesses, D15W50 and D15W80, were 
evaluated, whose hybrid coatings consisted of 50ȝm WC-12Co + 15ȝm DLC, and 80ȝm WC-12Co + 15ȝm DLC, 
respectively.
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2.3. Procedures 
Fatigue tests were preformed using a cantilever-type rotating bending fatigue testing machine operating at a 
frequency of 19Hz in laboratory air. The specimens without coating and those deposited a DLC single layer were 
also fatigue tested for comparison. The former and the latter are denoted as substrate and D15, respectively. 
Microstructures of the film structures were observed using a scanning electron microscope (SEM) and analysed by 
an energy dispersive X-ray spectrometer (EDS). 
3. Results
3.1. Coating appearance 
Figure 2 reveals appearances of coating surfaces. The surface of D15, which has a DLC single layer, is very 
smooth and flat. Some defects typically shown by the arrow in Fig.2(a) were observed in the film. On the other hand, 
the surfaces of hybrid coatings are very rough (Fig.2(b)~(d)) regardless of film thickness, resulted from HVOF 
process in which hard WC-12C particles were blasted on the soft Mg substrate at very high speed. In addition, 
cracking of the coating is observed in both D15W50 and D15W80, whose hybrid coatings are thick, as indicated by 
the arrows in Fig.2(c) and (d). The temperature of DLC deposition was 150ºC, and consequently cracking took place 
in the brittle interlayer due to the different thermal expansion coefficients of the substrate and interlayer. 
The film structures on a longitudinal cross section are revealed in Fig.3. In the DLC single layer (Fig.3(a)), the 
film is dense and the substrate is smooth. In the hybrid coatings (Fig.3(b)~(d)), it is clear that the substrates are 
rough due to HVOF process. As shown by the arrow in Fig.3(b), the interlayer of D03W15 was not partially formed 
because the thickness of the interlayer was the thinnest. In the other specimens of D15W50 and D15W80 (Fig.3(c) 
and (d)), hybrid coatings with WC-12Co interlayer and DLC over layer were successfully fabricated. 
Fig. 2.  SEM micrographs showing appearance of coating surface: (a) D15, (b) D03W15, (c) D15W50, (d) D15W80 
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Fig. 4.  EDX analysis in D15W80: (a) SEM image, (b) C, (c) W, (d) Mg 
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Fig. 3.  SEM micrographs showing cross section of coating: (a) D15, (b) D03W15, (c) D15W50, (d) D15W80 
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Figure 4 (a) shows the cross sectional view of the crack recognized on the specimen surface of D15W80 
(Fig.2(d)). The cracking of the interlayer penetrates to the substrate. Fig.4(b)~(d) are EDS analysis results of C, W, 
Mg, respectively, where C is detected throughout the cracking. It is considered that the cracking of interlayer 
occurred at the very early stage of DLC deposition process, and subsequently the crack was thoroughly filled up by 
DLC.
3.2. Fatigue strength 
Figure 5 illustrates the S-N diagram for the substrate, D15, D05W15, D15W50 and D15W80. In this case, stress 
amplitude was calculated including film thickness. The specimen with a DLC single layer has the highest fatigue 
limit (fatigue strength at N = 107 cycles), while the fatigue strengths in the finite life region (Nf < 106 cycles) are 
comparable to those of the substrate. The specimen with the thinnest hybrid coating, D05W15, exhibits lower 
fatigue strengths and fatigue limit than the substrate. On the other hand, the fatigue limits of the specimens with 
thicker hybrid coatings, D15W50 and D15W80, are lower than that of D15, but still higher than that of the substrate. 
Furthermore, the thickest hybrid coating in D15W80 improved fatigue strengths in the finite life region compared 
with the substrate.  
In order to evaluate fatigue strengths of the specimens with thick coatings, stress amplitude is occasionally 
calculated excluding film thickness. In the present study, the S-N diagram was also evaluated in terms of the stress 
amplitude calculated excluding film thickness [8]. In this case, however, the tendency of S-N diagram was irrelevant 
to the stress amplitude calculation methods. In addition, it is known that AZ80 has age hardenability, but it was 
confirmed that the effect of the thermal history during the DLC deposition on fatigue strength can be neglected [3].  
Fig. 5.  S-N diagram 
Fig. 6.  SEM micrographs showing crack initiation site: (a) Substrate (ı = 125MPa), (b) D15 (ı = 190MPa) 
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3.3. Crack Initiation 
Figures 6 (a) and (b) are SEM micrographs showing fracture surfaces near the crack initiation sites in the 
substrate and D15, respectively. In the substrate (Fig.6(a)), crack was generated due to cyclic slip deformation. As 
shown in Fig.6(b), a film defect exists at the crack initiation site of D15. The crack is believed to be generated in the 
substrate underneath the bottom of the film defects due to their stress concentration [3]. The DLC film around the 
crack initiation site does not peel off the substrate, indicating very good adhesion of the film.  
The crack initiation sites of the specimens with hybrid coatings, D03W15, D15W50 and D15W80, are revealed 
in Figs.7~9, respectively. Right hand and left hand macrographs in the figures are the overview and magnified view 
at the crack initiation sites, respectively. As shown in the figures, cracks invariably initiated at the small notches 
introduced during HVOF process. It indicates cracks were generated due to the stress concentration at the notches 
regardless of the film thickness. It should be noted that DLC film does not peel off the interlayer, revealing that 
good adhesion of the film was achieved not only to the substrate but also to the interlayer.  
(a) (b)
200Pm 50Pm
Fig. 7.  SEM micrographs showing crack initiation site in D03W15 (ı = 120MPa): (a) Overview, (b) Magnified view 
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Fig. 8.  SEM micrographs showing crack initiation site in D15W50 (ı = 170MPa): (a) Overview, (b) Magnified view 
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Fig. 9.  SEM micrographs showing crack initiation site in D15W80 (ı = 190MPa): (a) Overview, (b) Magnified view 
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Fatigue-failed samples of D03W15 and D15W50 were cut parallel to the specimen axis and the crack initiation 
and growth behaviour was observed on the longitudinal section. Note that the cracks shown in Fig.10 are sub-cracks. 
In both D03W15 (Fig.10(a)) and D15W50 (Fig10.(b)), the cracks initiated at the notch and grew into the substrate. It 
should be emphasized that the crack grew into the substrate without cracking of the hybrid coating in D15W50. It 
implies that crack was generated due to the stress concentration at the notch without cracking of the hybrid coating, 
and the crack extension in some extent was followed by the cracking of the coating. It is noteworthy that the initial 
cracking of the interlayer shown in Fig.2(c) and (d) was irrelevant to crack initiation behaviour. It is because the 
initial cracking was thoroughly filled with DLC as shown in Fig.4 and did not act as a crack initiation site.  
4. Discussion 
The specimen with DLC single layer had the highest fatigue limit, while the fatigue strengths in the finite life 
region are comparable to those of the substrate. It is considered that the DLC film with high hardness and good 
adhesion to the substrate suppressed crack initiation and resulted in the higher fatigue limit, even if film defects 
existed as shown in Fig.2(a). On the other hand, the specimens with hybrid coatings exhibit lower fatigue limits than 
the specimen with DLC single layer. Crack initiation site analysis revealed crack was generated due to the stress 
concentration at the small notch in the substrate introduced during HVOF process, and consequently reduced fatigue 
limits of the specimens with hybrid coatings.  
The specimen with the thinnest hybrid coating, D05W15, exhibited the lower fatigue strengths and fatigue limit 
than the substrate. It is considered that thin hybrid coating could not suppress crack initiation from notches. In 
contrast, the thicker hybrid coatings in D15W50 and D15W80 could improve the fatigue limit. Although HVOF 
process introduced many notches in the substrate, thick hybrid coating could successfully suppress crack initiation at 
the notches, and DLC film restrained cracking in the brittle interlayer. Consequently, the improvement of fatigue 
limit could be attributed to the enhancement of crack initiation resistance by thick hybrid coatings. Furthermore, the 
fatigue strengths in the finite life region were improved only by the thickest hybrid coating. It indicates that the thick 
interlayer acted effectively for bearing fatigue loading, resulting in the higher fatigue strengths in the finite life 
region. This kind of thickness effect was reported in the fatigue strength of the HVOF ceramics coated samples [8]. 
These results lead to the conclusion that the beneficial effect of hybrid coating on the fatigue strength could be 
achieved by the relatively thick interlayer. The improvement of fatigue limit by DLC single layer was superior to 
that by the thickest hybrid coating. However, it should be emphasized that the hybrid coating with thick interlayer 
would be effective for the components subjected to the high pressure of contacted surfaces. 
5. Conclusions
In this study, WC-12Co was sprayed by HVOF on AZ80A magnesium alloy and then DLC was deposited in 
order to fabricate hybrid coatings. Rotary bending fatigue tests were conducted using the specimens with different 
coating thicknesses and the effect of coating thickness on fatigue behaviour was investigated. The main conclusions 
are summarized as follows. 
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Fig. 10.  SEM micrographs showing cracks initiated in substrate of specimens with hybrid coating: (a) D03W15 (ı = 150 MPa), (b) D15W50 (ı = 
170MPa) 
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(1) Thick interlayer was cracked during DLC deposition due to the different thermal coefficients of the substrate 
and interlayer. However, the crack was filled by DLC and did not act as a fatigue crack initiation site. 
(2) Fatigue strengths in finite life region and fatigue limit were improved by the thickest hybrid coating, while the 
thinnest coating was detrimental to the fatigue strengths. The improvement of fatigue limit by DLC single layer was 
superior to that by the thickest hybrid coating. 
(3) The fatigue crack was generated due to the stress concentration at the notches introduced during HVOF 
process in all the specimens with hybrid coatings. The thinnest coating could not suppress the crack initiation at the 
notches and resulted in the detrimental effect on the fatigue strengths.  
(4) The thicker coatings could suppress the crack initiation at the notches, and bear the fatigue loading, resulted 
in the beneficial effect on the fatigue strengths. 
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